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Introduction {#cssc201800589-sec-0001}
============

Microorganisms play a pivotal role in bioelectrochemical systems (BESs). In BESs, microorganisms catalyze the electrochemical formation or degradation of organic molecules by interfacing their biological metabolism with an electrode.[1](#cssc201800589-bib-0001){ref-type="ref"}, [2](#cssc201800589-bib-0002){ref-type="ref"}, [3](#cssc201800589-bib-0003){ref-type="ref"} The interaction between microorganisms and electrical conductive structures makes these systems unique and versatile, with potential applications in electrical energy storage,[4](#cssc201800589-bib-0004){ref-type="ref"}, [5](#cssc201800589-bib-0005){ref-type="ref"} energy‐ and nutrient‐recovering wastewater treatment systems,[6](#cssc201800589-bib-0006){ref-type="ref"}, [7](#cssc201800589-bib-0007){ref-type="ref"}, [8](#cssc201800589-bib-0008){ref-type="ref"} production of high‐value chemical commodities,[9](#cssc201800589-bib-0009){ref-type="ref"}, [10](#cssc201800589-bib-0010){ref-type="ref"} long‐term off‐grid low‐power electricity generation,[11](#cssc201800589-bib-0011){ref-type="ref"}, [12](#cssc201800589-bib-0012){ref-type="ref"} and the development of highly specific and innovative biosensors.[13](#cssc201800589-bib-0013){ref-type="ref"}, [14](#cssc201800589-bib-0014){ref-type="ref"} Additionally, microorganisms may provide temporal charge storage within the microbial cell.[15](#cssc201800589-bib-0015){ref-type="ref"}, [16](#cssc201800589-bib-0016){ref-type="ref"}, [17](#cssc201800589-bib-0017){ref-type="ref"} From a scientific perspective, BESs may function as a platform for fundamental microbiological studies,[18](#cssc201800589-bib-0018){ref-type="ref"}, [19](#cssc201800589-bib-0019){ref-type="ref"}, [20](#cssc201800589-bib-0020){ref-type="ref"} as unique metabolic properties[21](#cssc201800589-bib-0021){ref-type="ref"} can now be studied by using a plethora of electrochemical analyses.[22](#cssc201800589-bib-0022){ref-type="ref"}, [23](#cssc201800589-bib-0023){ref-type="ref"}, [24](#cssc201800589-bib-0024){ref-type="ref"}

For all current and future foreseen applications of BESs, further optimization is needed before they may become economically viable.[25](#cssc201800589-bib-0025){ref-type="ref"}, [26](#cssc201800589-bib-0026){ref-type="ref"} With microorganisms functioning as catalysts in BESs, their growth and activity is inextricably linked to the performance of these systems. Biomass growth and activity in BESs is known to be dynamic and highly adaptive to changing operational conditions.[27](#cssc201800589-bib-0027){ref-type="ref"}, [28](#cssc201800589-bib-0028){ref-type="ref"} Although biomass growth and activity has been studied by using different techniques,[29](#cssc201800589-bib-0029){ref-type="ref"}, [30](#cssc201800589-bib-0030){ref-type="ref"} little quantitative information is available regarding the relation between specific growth rates, activities, and biomass yields on one hand, and operational conditions (e.g., electrode potential, substrate availability, or shear stress) on the other.

For a systematic exploration of the effects of operational parameters on biomass development and, ultimately, system performance,[31](#cssc201800589-bib-0031){ref-type="ref"} mathematical modeling and model validation provide useful tools.[32](#cssc201800589-bib-0032){ref-type="ref"}, [33](#cssc201800589-bib-0033){ref-type="ref"}, [34](#cssc201800589-bib-0034){ref-type="ref"} A major threshold, however, hindering further calibration and validation of currently available models, concerns adequate monitoring of the catalyst loading. Unlike in abiotic electrochemistry, where this is mostly a predefined and applied quantity, catalyst loading is a dynamic variable in BESs, as the amount of biomass (and activity thereof) is constantly changing as a result of operational conditions throughout the experiment. Together with the great efforts and time investments involved in construction, start‐up, and operation of BESs, this creates the requirement for a noninvasive method for continuous biomass monitoring in these systems during an experiment.

In practice, the challenge of measuring biomass quantities in BESs focuses on the measurement of (electroactive) biofilms. High current densities in BESs seem to occur exclusively in situations where immobilization of microorganisms on the electrode takes place by means of biofilm formation.[35](#cssc201800589-bib-0035){ref-type="ref"}, [36](#cssc201800589-bib-0036){ref-type="ref"}, [37](#cssc201800589-bib-0037){ref-type="ref"}, [38](#cssc201800589-bib-0038){ref-type="ref"} With low amounts of suspended biomass repeatedly reported in high‐performing BESs,[39](#cssc201800589-bib-0039){ref-type="ref"}, [40](#cssc201800589-bib-0040){ref-type="ref"} biofilms form the largest presence of (active) biomass within these systems.

In the last few decades, several methods have been explored to investigate biofilm form, size, and structure, ranging from traditional colony forming unit (CFU) counting to super‐resolution fluorescent imaging techniques.[41](#cssc201800589-bib-0041){ref-type="ref"}, [42](#cssc201800589-bib-0042){ref-type="ref"}, [43](#cssc201800589-bib-0043){ref-type="ref"} However, these methods described so far are either invasive or do not allow assessment of global morphological properties. For instance, although confocal laser scanning microscopy (CLSM)[44](#cssc201800589-bib-0044){ref-type="ref"} achieves excellent sub‐micrometer resolution and can be applied to a wide field of view,[45](#cssc201800589-bib-0045){ref-type="ref"} it lacks sufficient penetration depth (max. 200 μm in opaque biological samples, but considerably less in chromophore‐containing tissues), thus often not allowing for accurate volumetric analysis.[41](#cssc201800589-bib-0041){ref-type="ref"}, [45](#cssc201800589-bib-0045){ref-type="ref"}, [46](#cssc201800589-bib-0046){ref-type="ref"} Scanning transmission X‐ray microscopy (STXM) and scanning/transmission electron microscopy (SEM/TEM) have been applied to reveal high‐resolution information about sub‐micrometer structure and composition of biofilms, but require fixation or cryogenic preparation of samples.[45](#cssc201800589-bib-0045){ref-type="ref"}, [47](#cssc201800589-bib-0047){ref-type="ref"} Confocal Raman microscopy (CRM) has been employed for nondestructive, three‐dimensional characterization of the biofilm structure and composition, but requires extensive spectral library build‐up. Moreover, CRM is prone to excessive acquisition times when used to study larger morphologies, being a line scan method with a reported pixel integration time of 0.2 s.[48](#cssc201800589-bib-0048){ref-type="ref"}

Here, we present a new method for monitoring anodic biofilm dynamics and quantification of biomass by using optical coherence tomography (OCT) as an imaging technique. OCT is a technique that allows the acquisition of three‐dimensional images from optical scattering media at a micrometer resolution.[49](#cssc201800589-bib-0049){ref-type="ref"}, [50](#cssc201800589-bib-0050){ref-type="ref"} By combining such an optical technique with electrochemical analyses, quantitative data with high temporal resolution can be obtained. The use of such data for future calibration and validation of biomass growth models is anticipated and can be expected to reveal new insights in the intertwined processes occurring in BESs.

We have implemented and validated the use of OCT to determine the three‐dimensional coverage and volume of the electroactive biofilm growing on a flat anode surface. For this purpose, we have adapted a BES to include an optically transparent anode, allowing in situ analysis of the biofilm. The anodes used are glass plates, coated with a thin layer of fluorine‐doped tin oxide (FTO). These electrodes (i) are transparent, which enables visualization techniques to quantify biomass; (ii) are conductive and chemically stable, which allows biofilm growth and current density production similar to other well‐performing flat‐plate electrodes used in BESs;[51](#cssc201800589-bib-0051){ref-type="ref"}, [52](#cssc201800589-bib-0052){ref-type="ref"} (iii) are extremely flat, which gives a well‐defined surface area suitable for both biofilm characterization and visualization techniques; and (iv) allow the use of electrochemical characterization techniques.

To assess and validate whether OCT can be used as an accurate and precise tool for the quantification of biomass density, we conducted OCT measurements on 24 independent experiments, and compared these with data obtained by sacrificial biomass quantification. This demonstrated OCT is a reliable tool for in situ biomass quantification under the conditions tested. To assess whether OCT could also be used as a noninvasive tool for determining biomass growth and activity, repeated measurements were done during two subsequent experiments, in which the development of biomass was tracked over time.

Results and Discussion {#cssc201800589-sec-0002}
======================

OCT analysis allows accurate and precise in situ biomass quantification {#cssc201800589-sec-0003}
-----------------------------------------------------------------------

For all runs, starting with a clean electrode, initially small negative currents (−0.04 to 0 A m^−2^) were observed, before a positive current developed. This initial phase in which practically no current was generated, defined as a lag‐phase, varied typically from one to three days amongst runs. For better comparison of current development between individual runs, Figure [1](#cssc201800589-fig-0001){ref-type="fig"} A shows the development of the current after these lag‐phases were finished, thus letting each curve start once currents became positive. The different experimental durations, which are reflected by shorter or longer curves, are also visible in Figure [1](#cssc201800589-fig-0001){ref-type="fig"} A. As a main trend, the current initially increased exponentially, peaking at around 1 to 2 A m^−2^, after which a gradual decrease followed, eventually stabilizing at current densities of approximately 1 A m^−2^. The obtained current densities are comparable to flat‐plate bioanodes previously reported at similar anode potentials.[51](#cssc201800589-bib-0051){ref-type="ref"}, [52](#cssc201800589-bib-0052){ref-type="ref"} This legitimates the extrapolation of results obtained with FTO as the electrode material towards more conventional electrode materials and geometries. On a longer timescale, reduced electrode conductivity occurred in some of the used FTO electrodes, with three runs showing considerably less current production over time as a result. After dismantling these systems, the reduced current production turned out to be caused by parts of the FTO layer being damaged, with only parts of the electrode colonized. The mechanism causing this damage was not further investigated. Nevertheless, as the presented method should also be applicable and robust in situations of inhomogeneous biofilm coverage, the results of these three runs were included in further analysis.

![A) Current density development for the 24 individual runs. B) COD~Biomass~, C) total N content (TN), and D) wet weight plotted versus the biomass volume as measured by OCT. COD and total N were normalized to the total FTO surface area, thus providing an absolute measure.](CSSC-11-2171-g001){#cssc201800589-fig-0001}

The obtained biofilm thicknesses ranged between 3 to 90 μm for all measured samples. Biomass volume as measured by OCT was calculated by multiplying the average biofilm thickness with the effective electrode area (22.3 cm^2^). Figure [1](#cssc201800589-fig-0001){ref-type="fig"} B and C compare the obtained measured biofilm volumes to the total biofilm chemical oxygen demand (COD) and total nitrogen content, respectively. Both COD and total N show a strong linear relationship with biofilm volume as measured by OCT. With coefficients of determination well above 0.95, OCT showed itself to be a reliable estimator for both biofilm COD and N content in these experiments. From these data, the COD/N ratio was determined to be 18.7:1 by linear regression (*R* ^2^=0.97). Assuming a conversion ratio between COD and total organic carbon (TOC)[54](#cssc201800589-bib-0054){ref-type="ref"} of 3:1, this converts to a C/N ratio in the measured biomass of approximately 6:1, which is within the range of previously reported C/N ratios for microbial biomass.[55](#cssc201800589-bib-0055){ref-type="ref"} As a side note regarding the linearity between OCT and COD/total N, a tendency of OCT analysis to slightly overestimate biofilm volume in the lower volume region (0--0.02 mL) was observed. For the measurements in which only a very thin biofilm was present, a slightly increased but inevitable noise amplification occurred owing to (i) increased OCT autocorrelation artefacts associated with a clean FTO/electrolyte interface and (ii) increased noise amplification by the adaptive histogram equalization. These observations thus limit the precision of the presented method in this starting domain of early biofilm attachment and growth, but validate its use over a broader range of biofilm thicknesses.

To assess the accuracy of OCT for measuring absolute volumetric quantities of biomass, in Figure [1](#cssc201800589-fig-0001){ref-type="fig"} D), the biomass volume as measured by OCT is plotted against the biomass wet pellet weight. Assuming a specific density of wet biomass similar to that of water (1 g L^−1^), a 1:1 linear relationship would be expected between these two variables. The linear regression for these two variables indeed showed a slope of nearly 1, supporting the used method for measuring biomass volume in terms of its accuracy. The lower *R* ^2^ value for this fit somewhat weakens this position, but it is to our best understanding the inevitable imprecisions and inaccuracies involved with weighing of small amounts of wet biomass---thus not the OCT methods applied---which created considerable additional variance, leading to this lower *R* ^2^.

Determination of biomass growth yield by using a combination of OCT and chronoamperometry {#cssc201800589-sec-0004}
-----------------------------------------------------------------------------------------

Apart from biomass growth rates, the biomass growth yield, or yield ratio, is a parameter of importance in most BES studies. Biomass yield ratio defines to a great extent the energy efficiency and thus system performance, and is commonly expressed as gram COD biomass gained per gram of COD substrate consumed, with 1 mol of COD being equivalent to 4 mol of electrons. Accordingly, the yield ratio represents the number of electrons used for anabolism (creation of biomass) compared with the total amount of electrons derived from oxidizing the electron donor, including catabolism (substrate turnover for energy production required for growth).

Specifically for electrogenic biomass, the substrate consumed for catabolic processes is directly linked to current production. With biomass volume being linearly related to biomass COD (Figure [1](#cssc201800589-fig-0001){ref-type="fig"} B), biomass growth yield can be assessed indirectly by plotting biofilm volume versus total charge produced during biofilm growth, and this is done in Figure [2](#cssc201800589-fig-0002){ref-type="fig"}.

![Scatter and regression slope of the measured biomass volume by OCT against the total amount of charge (*Q* ~total~) obtained from the biofilm.](CSSC-11-2171-g002){#cssc201800589-fig-0002}

We observed a good match between biofilm volume as measured by OCT and total charge: with more charge produced, biofilm volume increased. As can be inferred from this linearity, yields throughout the different runs were rather constant. This would be in line with growth conditions (and most notably anode potential) for each experiment being the same, and the biofilm being harvested being still in the growth stage (thus with none of the grown biomass being washed out or detached from the electrode, and no substantial changes or impact of maintenance on overall growth yields).

Elaborating on this assumption of linearity and constant growth yields, and to avoid error propagation in calculating yields from individual measurements, the overall yield of biomass on current was taken as the slope of the regression line: 1 mL biomass/40 705 C electrons. This value for *V* ~biomass~/*Q* (*Q* is the accumulated charge) was then inserted into Equations (6) and (7) (see Experimental Section), yielding 42.15 mg${}_{{COD}{}_{biomass}}$  g${}_{{COD}{}_{acetate}}$ ^−1^ (coulombic efficiency (CE)=0.958). This obtained yield is a feasible value, being within range of earlier reported biomass yields[27](#cssc201800589-bib-0027){ref-type="ref"} and lower but comparable to the theoretical maximum biomass yield of 109 mg${}_{{COD}{}_{biomass}}$  g${}_{{COD}{}_{acetate}}$ ^−1^ (CE=0.891) calculated at the used anode potential of −0.35 V by using the thermodynamic approach from Picioreanu et al.[32](#cssc201800589-bib-0032){ref-type="ref"} Thus, we show that by using a combination of OCT and chronoamperometric data---both noninvasive measurements---we can derive valid biomass growth yields from the tested systems.

Continuous measurement confirms application of OCT for noninvasive assessment of biofilm growth and activity {#cssc201800589-sec-0005}
------------------------------------------------------------------------------------------------------------

Two independent bioanodes were grown to confirm the applicability of OCT for tracking biofilm growth over time. Figure [3](#cssc201800589-fig-0003){ref-type="fig"} shows the cumulative charge and OCT derived estimates for biofilm volume obtained from these two cells for which time‐lapse observations of biofilm growth were conducted. Figure [3](#cssc201800589-fig-0003){ref-type="fig"} A shows the results for cell 1, which was operated for a total of 14 days, and Figure [3](#cssc201800589-fig-0003){ref-type="fig"} B shows the results for the second cell, operated for a period of 17 days. From the measurements of biofilm volume and accompanying charge consumption, biomass yield estimates were obtained by linear regression. These are visualized for both cells in Figure [4](#cssc201800589-fig-0004){ref-type="fig"}, and the high *R* ^2^ obtained strongly suggests a constant yield throughout the experimental period for both cells. The obtained yield estimates from these regressions for both cells were significantly similar to each other (38.7 and 38.8 mg${}_{{COD}{}_{biomass}}$  g${}_{{COD}{}_{acetate}}$ ^−1^, *p*=0.976 under the null hypothesis of identical slopes), thus showing high reproducibility of the used methods.

![Development of charge (black) and biofilm volume (as measured by OCT, green, dashed, with markers) during two independent continuous experiments. In these experiments, cells were resumed to produce current after each OCT measurement. A) Results for a cell run for a total of 14 days. B) A cell in which the last OCT measurement was conducted at 17 days after the start.](CSSC-11-2171-g003){#cssc201800589-fig-0003}

![Relationship between accumulated charge and biomass volume as measured by OCT, providing a measure of yield, for both time‐lapse operated cells. In the above representation, the data for cell 2 for the periods in which cell conditions were unknown or fluctuating was removed. The straight lines (*y*1 in dashed orange for cell 1, *y*2 in solid black for cell 2) are obtained by linear regression, and the slopes resulting from these fits and their *R* ^2^ values are included. The high correlation coefficients obtained strongly suggest constant yields throughout the experimental period. Yields were calculated from these obtained slopes to be 38.7 and 38.8 mg${}_{{COD}{}_{biomass}}$  g${}_{{COD}{}_{acetate}}$ ^−1^ for cells 1 and 2, respectively, and an additional T‐test showed them to be significantly the same (*p*=0.976).](CSSC-11-2171-g004){#cssc201800589-fig-0004}

In general, current production resumed fast and completely after OCT measurements were performed and systems were electronically and hydraulically reconnected. However, upon reconnecting on day 9, inaccurate potential control for cell 2 led to the anode potential fluctuating between −0.35 and −0.45 V throughout the period of day 9 to 15. Over this period of fluctuating potential, an incremental yield estimate of 16 mg${}_{{COD}{}_{biomass}}$  g${}_{{COD}{}_{acetate}}$ ^−1^ (CE=0.984) was obtained, roughly half as large as in the case of yields obtained when potential was controlled steadily at −0.35 V. Although unintended, this suggests fast adaptive behavior of the present biofilm to potential change. Owing to this artefact, this period was left out of the analysis as depicted in Figure [4](#cssc201800589-fig-0004){ref-type="fig"}.

Overall, the slightly lower yields obtained with the time‐lapse experiments compared with the sacrificial calibration experiments may be explained by the presence of periods during which cells were not connected to the potentiostat, leading to a slightly lower overall anode potential for the continuous runs.

Conclusions {#cssc201800589-sec-0006}
===========

We have demonstrated here that accurate and precise measurements of biomass volume can be obtained in situ and noninvasively from active bioanodes by using optical coherence tomography (OCT) in bioelectrochemical systems (BESs). This allows biomass yield and coulombic efficiency (CE) estimates to be obtained at high statistical precision and in real‐time. The method developed showed the OCT results to be linearly correlated to conventional biomass quantifications using chemical oxygen demand (COD) and total N content. As such, the presented method allows a more complete and meaningful characterization of BESs, especially when used in combination with additional in situ measurements such as pH value, off‐gas analysis, and/or electrolyte chemical analysis. When such characterizations are performed at different experimental conditions, this will provide valuable data for a deeper understanding of mechanisms at play in BESs, especially in the field of bioenergetics. It is anticipated to lead to identification of deviations from assumed thermodynamic model assumptions, or rate limiting factors/processes. Moreover, the used fluorine‐doped tin oxide (FTO) electrodes enable the concomitant application of different electrochemical and visualization techniques, for example, confocal Raman spectroscopy, confocal laser scanning microscopy, and more sophisticated electrochemical methods such as cyclic voltammetry and electrochemical impedance spectroscopy. These electrodes therefore provide ample opportunities for studying in‐depth the kinetic properties and mechanisms of electron transport in BESs, as well as allowing for high‐resolution visualization and functionalized imaging of living biofilms.

Experimental Section {#cssc201800589-sec-0007}
====================

Reactor setup {#cssc201800589-sec-0008}
-------------

Electrochemical cells consisted of two Plexiglas plates with flow channels (33 cm^3^) separated by a bipolar membrane (Ralex PE‐BPM, MEGA a.s., Czech Republic). FTO‐coated glass slides (22.3 cm^2^ exposed anode area) were used as anodes for the biofilm to attach to and grow on. Anode current collectors were made of graphite paper sheets, from which the flow channel area was extruded. By extruding the flow channel from the current collector, the graphite paper was touching the FTO layer only in places where no electrolyte was present. A flat sheet of stainless steel (316 alloy) lined with a sheet of carbon paper was used as a cathode. Figure [5](#cssc201800589-fig-0005){ref-type="fig"} shows a photographic overview of the constructed cells. Ag/AgCl reference electrodes (Prosense, Oosterhout, The Netherlands; +0.203 V vs. standard hydrogen electrode) were inserted into the anode chamber via a Haber--Luggin capillary filled with a saturated solution of KCl and all potentials are expressed with respect to this electrode.

![Photographic overview of the used cell components and their assembly showing A) FTO electrodes, B) anode end plate, graphite current collector, and neoprene gasket (from top to bottom), C) top view of the anode compartment with exposed face of FTO electrode in the middle, D) completely assembled cell with clearly visible: a) anode end plate, b) anode flow compartment, c) cathode flow compartment, d) cathode end plate.](CSSC-11-2171-g005){#cssc201800589-fig-0005}

Reactor inoculation and operation {#cssc201800589-sec-0009}
---------------------------------

Reactors were inoculated with biomass from active acetate oxidizing bioanodes. The influent consisted of (g L^−1^): 0.74 KCl, 0.58 NaCl, 3.4 KH~2~PO~4~, 4.35 K~2~HPO~4~, 0.28 NH~4~Cl, 0.1 MgSO~4~ **⋅**7 H~2~O, 0.1 CaCl~2~ **⋅**2 H~2~O, 0.82 sodium acetate, 2.1 sodium 2‐bromoethanesulfonate, 1 mL trace metal mixture, and 1 mL vitamins mixture according to DSMZ culture medium 141 (chemicals obtained from VWR and of technical grade or higher).[53](#cssc201800589-bib-0053){ref-type="ref"} The influent stock solution was continuously sparged with N~2~ before being fed to the reactor to maintain anaerobic conditions. The influent was fed to the reactor at a rate of 0.16 mL min^−1^ (hydraulic retention time HRT=20 h, total recirculated anolyte volume=200 mL). The catholyte initially consisted of 10 m[m]{.smallcaps} phosphate buffer at pH 7, which was not replaced between experimental runs. The catholyte was continuously sparged with N~2~ to strip it of any formed hydrogen gas.

Experimental design {#cssc201800589-sec-0010}
-------------------

The use of OCT for biofilm quantification was validated by conducting a total of 24 runs, where each run started with a clean FTO anode. The anode potential during each run was controlled at −350 mV with a potentiostat (N‐stat d‐module, Ivium Technology, The Netherlands). To bring variation to the amount of biofilm at sampling, a temporally equally spaced sampling schedule was chosen in which runs produced current between 1 up to 24 days before sampling. Just before the end of a run, reactors were assessed by OCT. They were then dismantled and the biofilm was harvested for further chemical analyses.

The use of OCT for noninvasive time‐lapse observations of biofilm development was tested and illustrated. To this end, two cells were constructed and operated as above, but instead of being harvested after OCT, these cells were reconnected and their operation was continued. Moreover, regarding the influent for these systems, acetate was separated from other nutrients to improve substrate loading stability. To analyze these systems by OCT, they were disconnected both hydraulically and electronically for approximately two hours each time the system was sampled. Sampling periodicity was defined pragmatically, aiming for a comparable amount of charge to have passed between measurement points. In total, this practice was carried for 14 days for one, and 17 days for the other cell.

OCT acquisition and image processing {#cssc201800589-sec-0011}
------------------------------------

In situ imaging of the FTO anode was performed by using a spectral domain optical coherence tomograph (Thorlabs Ganymede SD‐OCT System). To get a representative dataset regarding the distribution of biofilm on the electrode, the OCT measurement was performed at 54 predefined, evenly distributed spots (see Figure [6](#cssc201800589-fig-0006){ref-type="fig"}), by using an automated translation stage (Thorlabs LTS300&150/M). The axial (i.e., perpendicular to the anode) spatial resolution for the OCT instrument is below 5.8 μm, and the lateral (i.e., parallel to the electrode) resolution is 8 μm. The OCT was fitted with a 5× telecentric scan lens (Thorlabs LSM03BB), configured to make a "B scan" (horizontal line scan) consisting of 1000 equally spaced "A scans" (depth scans) over a 1 mm transect by using the instrument\'s software. See Figure [6](#cssc201800589-fig-0006){ref-type="fig"} for a schematic overview of the acquisition method used. Based on these scan settings and on an assumed bulk refractive index of 1.33 (identical to that of water), two‐dimensional cross‐sectional images were acquired max. 2.1 mm deep at a pixel dimension of 1×2.05 μm (lateral--axial).

![Schematic overview of the acquisition method used for the OCT. A single B scan was composed of 1000 A scans. On the right, a schematic FTO electrode with biofilm is depicted. The 54 individual B scans taken from predefined spots during OCT analysis are indicated by black lines.](CSSC-11-2171-g006){#cssc201800589-fig-0006}

The used acquisition method, including data export, had a total processing time of roughly 40 seconds per site. More details on the specific acquisition parameters of the OCT can be found in the Supporting Information.

Post‐processing consisted of converting scan data into 32‐bit floating point CSV files by using the instrument\'s software. Data was imported, normalized, and further processed by using a custom MATLAB script (MATLAB 2017b using the built‐in image processing toolbox). Images were processed by a multi‐step sequence: (1) image contrast was improved and equalized by applying contrast‐limited adaptive histogram equalization (CLAHE) by using the "adapthisteq" function (Figure [7](#cssc201800589-fig-0007){ref-type="fig"} A); (2) the position of the lower part of the FTO layer (interfacing with the biofilm) was determined. Assuming an (almost) perpendicular positioning of the FTO layer with respect to the scan direction, a row vector was calculated, containing the mean for each row. Differences between adjacent rows from this row vector were calculated, and the row containing the minimal (most negative) resulting difference was determined. After the determination of this row number, a mask of zeros was applied to the image for all the pixels above that row number, removing the FTO electrode image and everything above, that is, electrolyte (Figure [7](#cssc201800589-fig-0007){ref-type="fig"} B); (3) To isolate the biomass structure, edge detection (Sobel method) was used. This returned edges at those points where the gradient on the picture was above a set threshold value; (4) Since the edge detection led to some noise amplification, two consecutive operations were performed to remove this: rows for which the row‐sum was higher than a threshold value were set to zero. Then, edges with more than 100 connected pixels were removed. What remained was a binary contour image of (presumably) only the biofilm, containing holes and breaches (Figure [7](#cssc201800589-fig-0007){ref-type="fig"} C); (5) Breaches were closed by using the dilate function (imdilate, Figure [7](#cssc201800589-fig-0007){ref-type="fig"} D), after which holes were filled with the built‐in function "imfill". Some noise below the biofilm was still visible at this point (Figure [7](#cssc201800589-fig-0007){ref-type="fig"} E); (6) As the last polishing steps, all objects smaller than 30 pixels were removed and the pixel value of the last two rows were set to zero. The latter was done to correct for artificial noise created by the edge detection step (Figure [7](#cssc201800589-fig-0007){ref-type="fig"}); (7) In the obtained binary picture, true pixels (value 1) represented the biomass. The pixel counts for each of the 54 cross‐sections analyzed per electrode were then averaged and the average biofilm thickness was obtained by dividing the average pixel count by the lateral pixel scaling factor. Biofilm volume was calculated by multiplying the average biofilm thickness with the electrode surface area. The complete MATLAB script is disclosed in the Supporting Information.

![Step‐by‐step visualization of the image processing involved with OCT analysis. A) Image after adaptive histogram equalization, clearly depicting the bright FTO layer on top of the image. B) FTO layer and all above removed. C) Binary image after edge‐detection. D) After "gluing" of detected edges. E) After filling holes. F) After removing loose and small particles.](CSSC-11-2171-g007){#cssc201800589-fig-0007}

Chemical analyses {#cssc201800589-sec-0012}
-----------------

After dismantling the cell, the biofilm was first gently rinsed with a 100 m[m]{.smallcaps} phosphate buffer solution to remove residual soluble organics, chloride, and ammonium while preventing acute osmotic stress. The biofilm was then mechanically detached from the glass electrode by using a conventional cell scraper. The wet biomass pellet weight was measured and then suspended with the use of vortex and sonication in a defined volume (10 mL of 100 m[m]{.smallcaps} phosphate buffer solution). The resulting homogenized samples were analyzed for COD and total nitrogen content by using photometric test kits (Hach‐Lange LCK 114 and 138, respectively). Assuming a volumetric density of 1 g mL^−1^ for wet biomass, the absolute amounts of COD and total N for each electrode were then calculated.

Calculations and conversions used to obtain biomass growth yield {#cssc201800589-sec-0013}
----------------------------------------------------------------

Assuming biomass formation as the only competing process to current generation from acetate oxidation, we can express the electron balance in our systems as Equation [(1)](#cssc201800589-disp-0001){ref-type="disp-formula"}:$$e{}_{electrode} + e{}_{biomass} = - e{}_{substrate}$$

In this simple expression, *e* ~electrode~ represents the number of electrons channeled to the electrode, thus representing catabolic activity of the present biomass. *e* ~biomass~ equals the number of electrons that ends up in the formation of biomass, thus representing anabolic activity.

The electrons expressed as −*e* ~substrate~ are derived from substrate oxidation (acting as electron donor, negative by convention).

The yield coefficient (*Y*), by convention, expresses the ratio of electrons used for biomass growth (i.e., anabolism) to electrons derived from substrate oxidation \[Eq. [(2)](#cssc201800589-disp-0002){ref-type="disp-formula"}\]:$$Y = \frac{e_{biomass}}{{- e}_{substrate}}$$

To determine the biomass growth yield, we used the biomass volume from the presented OCT measurements in combination with the total produced charge (as measured by chronoamperometry). First, the biomass volume as measured by OCT (*V* ~biomass~ \[mL\]) was converted into COD~biomass~ \[g~COD~\] by using a linear correlation established in this study \[Eq. (3); (Figure [1](#cssc201800589-fig-0001){ref-type="fig"} B)\]$${COD}{}_{biomass} = \alpha\, V{}_{biomass}$$

with *α* being the regression coefficient.

The obtained COD~biomass~ was then converted into *e* ~biomass~ \[mol\] using Equation [(4)](#cssc201800589-disp-0004){ref-type="disp-formula"}: $$e_{biomass} = \frac{n\mspace{720mu}{COD}_{biomass}}{M_{O_{2}}}$$

in which *M* ${}_{O{}_{2}}$ is the molecular weight of dioxygen (32 g) and *n* is the electron stoichiometry involved with complete reduction of dioxygen (*n*=4).

The accumulated charge (*Q*) on the electrode (electron acceptor) is expressed in *e* by division with the Faraday constant (*F*) \[Eq. [(5)](#cssc201800589-disp-0005){ref-type="disp-formula"}\]$$e_{electrode} = \frac{Q}{F}$$

Thus, by combining Equations (1)--(5), Equation [(6)](#cssc201800589-disp-0006){ref-type="disp-formula"} is obtained:$$Y = \frac{e_{biomass}}{e_{electrode} + e_{biomass}} = \frac{1}{1 + \frac{e_{electrode}}{e_{biomass}}} = \frac{1}{\left( {1 + \frac{M_{O_{2}}Q}{\alpha{nFV}_{biomass}}} \right)}$$

Moreover, as by convention coulombic efficiency (CE) is defined as the ratio of the number of electrons channeled to the acceptor (*e* ~electrode~) with the number of electrons derived from substrate oxidation (*e* ~substrate~), by using Equation (5) the following definition for CE is obtained \[Eq. [(7)](#cssc201800589-disp-0007){ref-type="disp-formula"}\]:$$CE = \frac{e_{electrode}}{- e_{substrate}} = 1 - Y$$

It should be noted here, however, in case CE is defined on basis of biomass production measurements, this can only reflect a theoretical maximally attainable CE. Actual CEs may be lower if unreported side processes not leading to detected biomass growth are also present.
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